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Photosynthetic responses of seven grass species from the eastern Cape/Ciskei region measured by gas analysis 
under controlled environment temperatures of 10 - 40°C and light intensities of 15 - 850 Jlmol quanta m -2 are 
reported. At the higher temperatures and light intensities, mean net assimilation rates (NAR) for four C4·NADP 
species fall within the range of 14-17 Jlmol C02 m- 2 sec- 1. Mean NAR under the same conditions reaches 
20 and 22-23 Jlmol C02 m- 2 sec- 1 in a C4·PCK and C4-NAD species respectively. The results support the use 
of the optimum net assimilation rate criterion in differentiating the C4 biochemical subgroups in the same way 
that C3 and C4 plants are distinguished. Photosynthetic efficiency values under light-limiting conditions clearly 
discriminate C3 from C4 species but are insufficiently conclusive to diagnose the C4 subgroups in this study. 
Die fotosintetiese respons van sewe grasspesies van die oostelike Kaap/Ciskei-streek is deur middel van gasanalise 
onder gekontroleerde omgewingstemperature van 10 - 40°C en ligintensiteite van 15 - 850 Jlmol kwantums m- 2 
bepaal. By die hoer temperature en ligintensiteite val die gemiddelde netto-assimilasietempo's (NAT) vir vier 
C4-NADP-spesies tussen 14 en 17 Jlmol C02 m- 2 sek- 1. Vir C4-PCK en C4-NAD-spesies is die gemiddelde NAT 
onder dieselfde toestande, 20 en 22 - 23 Jlmol C02 m -2 sek -1. respektiewelik. Die resultate ondersteun die gebruik 
van die optimum netto-assimilasietempo's as 'n maatstaf om tussen die C4-biochemiese subgroepe te 
differensieer, soos ook tussen C3 en C4-plante onderskei word. Fotosintetiese doeltreffendheidswaardes onder 
lig-beperkende toestande onderskei duidelik tussen C3 en C4-spesies, maar is onvoldoende om die C4-subgroepe 
te identifiseer. 
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Introduction 
Plants which have 4-carbon carboxylic acids as the primary 
initial products of photosynthetic CO2 fixation, are known 
as C4 plants. Many studies have shown that C4 plants have 
higher rates of photosynthesis and higher light and tempera-
ture optima than C3 plants, which have the 3-carbon acid: 
3-phosphoglyceric acid as the initial product of CO2 fixation 
(Brown & Morgan 1980; Edwards & Huber 1981; Burzynski 
& Lechowski 1983; Monson et af. 1986). 
Within the C4 group, three subgroups are recognized on 
the basis of differences in carboxylation mechanisms. Depend-
ing on the predominating decarboxylase, these subgroups are 
known as NADP-malic enzyme (NADP), NAD-malic enzyme 
(NAD) and PEP carboxykinase (PCK) subtypes (Hatch et af. 
1975) . Differences in bundle sheath chloroplast ultrastructure 
and leaf anatomy have been found to correlate with these 
biochemical characters (Hattersley & Watson 1976). 
These discoveries have led researchers to seek proof of 
functional differences between C4 subgroups in terms of 
photosynthetic capacity. Recently, Ehleringer & Pearcy 
(1983) have noted differences in quantum yield among C4 
subtypes at, low light intensities. However, there is little 
published evidence for C4 subgroup photosynthetic diffe-
rences across a broader range of light and temperature 
conditions. 
As part of a continuing project on grass structure/function 
relationships, and because grass species of all C4 subgroups 
occur in the eastern Cape/Ciskei region, a more detailed study 
was undertaken of the photosynthetic activity of the C4 
subtypes. This paper presents results of a preliminary investi-
gation of the photosynthetic response of seven grass species, 
including C3, C4-NADP, C4-NAD and C4-PCK types, under 
a range of controlled environment conditions. A study of the 
response of the same species under field conditions is in 
preparation. 
Materials and Methods 
The species studied in this investigation are listed in Table 1. 
Plants were classified into biochemical subtype on the basis 
of anatomical and ultrastructural features according to the 
criteria of Hattersley & Watson (1976). Voucher specimens 
are deposited in the herbaria of the Plant Sciences department 
at Fort Hare and Rhodes Universities. 
All species were collected from disturbed grassland or open, 
dry woodland, between 550 - 850 m above sea level in the 
Tyurnie Basin, approximately 5 km south of Hogsback 
(eastern Cape/ Ciskei border region). A large tussock of each 
species in a sod of natural soil, was transplanted to an air-
conditioned greenhouse (20070 shade). Plants were watered 
twice daily and maintained at day/night temperatures of 
28/20°C for 3 weeks prior to the laboratory experiment. Each 
species was acclimatized under the same conditions as the 
greenhouse for 3 days in Conviron E15 growth cabinets, 
before photosynthetic infra-red gas analysis (lRGA) experi-
ments were carried out. 
Table 1 Species of this investigation classified ac-
cording to C3 or C4 photosynthetic pathway and bio-
chemical subgroup 
Photosynthetic 
Grasses type 
Alloteropsis semialata (R.Br.) Hitchc. ssp . 
eckloniana (Nees) Gibbs Russell C3 
Coelorhachis capensis Chipp.; Hyparrhenia hirta 
. (L) Stapf.; Panicum ecklonii Nees.; Setaria 
flabellata Stapf. C4-NADP 
Chloris gayana Kunth. C4-PCK 
Panicum stapfianum Fourc. C4-NAD 
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Net assimilation rate was measured simultaneously on two 
fully expanded mature leaves for each species. The leaves 
selected were of similar morphological age. The experiment 
was repeated for each species using two additional leaves of 
similar morphological age, to give a total of four replicates. 
Measurements were conducted using an ADC 225 mk.III 
Infra Red Gas Analyzer (Analytical Development Co. Hod-
desdon, Herts. England) in open gas circuit and differential 
mode. A multi-point calibration of the IRGA was made at 
the beginning of the study with 400 ppm C02 (Afrox special 
gasses, Germiston) and an ADC model GD-600 gas diluter. 
Single point calibrations were made at the start of each experi-
ment. Relative humidity was maintained at 50070 throughout 
the experiments. 
Tungsten/fluorescent lighting in the growth chamber was 
supplemented by two 500 W halogen floodlights, giving 
maximum cuvette light levels of approximately 1 000 /lmol 
quanta m - 2 sec - I. Photosynthetic cuvettes consisted of water-
jacketed glass tubes maintained at the correct temperature 
(within 0,5°C) by coupling an LKB 2209 multitemp circulator 
in line with a Techne C-l00 heating circulator and associated 
Techne model 1 000 chiller. The temperature was continuously 
monitored using a Bailey Bat-12 with copper-constantan 
thermocouples in the cuvettes. Light levels were measured 
beneath the cuvette with a Licor quantum sensor as it was 
too large to be enclosed within the photosynthetic chamber. 
Humidity was monitored with a Vaisala humicap sensor and 
CO2 concentration in the controlled-environment cabinet 
remained close to 350 ppm (± 5070) during the course of the 
experiment. 
Rates of photosynthesis were measured under steady state 
conditions (after 20 min acclimation between each temperature 
or light intensity change) over a range of nine light intensities 
and seven temperatures. At the termination of the experi-
ments, the area of the leaves which had been within the 
cuvettes was measured with a Licor leaf area meter. 
Results and Discussion 
Photosynthetic response surfaces for Alloteropsis semialata 
(C3) and Panicum stapfianum (C4-NAD) are shown in Figures 
1 and 2 respectively. 
A. semialata shows a response typical of C3 plants, with 
a photosynthetic temperature optimum of 25°C and the light 
curves at, or approaching saturation within the range of light 
intensities used in the experiment. Optimum net assimilation 
rate (NAR) is approximately 14 /lmol CO2 m - 2 sec - I under 
these conditions, and compares favourably with the values 
quoted by other authors for C3 plants of mesic environments. 
The photosynthetic response surface of Panicum stapfianum 
exemplifies the higher NAR typical of C4 plants (22 /lmol C02 
m - 2 sec - I at maximum experimental light intensity) and a 
temperature optimum of 35°C. Also typical of a C4 pattern 
is the lack of light inhibition of photosynthesis at maximum 
light intensity shown by P. stapfianum. 
The standard errors of the mean results for the first two 
replicate leaves in each experiment were less than lOOJo of the 
mean in all cases. The range between the means for the first 
and second experiment is therefore indicated in the x - y 
graphs which follow. 
The difference in temperature optima between C3 and C4 
plants is evident in a comparison of temperature response 
curves for all species at maximum chamber light intensity 
(approximating early morning and late afternoon light levels 
on a clear day; or overcast conditions at midday in the natural 
environment) (Figure 3). Whereas photosynthesis in Alloterop-
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Figures 1 & 2 Photosynthetic response surfaces of (I) Alloteropsis 
semialata (C3), and (2) Panicum stapfianum (C4-NAD) grasses from 
the eastern Cape/Ciskei region. NAR = net assimilation rate (Ilmo] 
CO2 m - 2 sec - I). PPFD = photosynthetic photon flux density (Ilmo] 
quanta m - 2 sec - I) . 
sis semialata declines above 25°C, optima for the C4 species 
lie between 30 and 35°C. According to Burzynski & Lechow-
ski (1983), the drop-off in photosynthetic rates above 25°C in 
C3 plants is due to the thermal optimum of RuBP carboxylase 
occurring at 25°C. 
Figure 3 reveals a distinction between the four C4-NADP 
species, which reach NAR levels of 15 - 17 /lmol CO2 m - 2 
sec - I, and the C4-PCK and C4-NAD species which assimilate 
19 and 21 /lmol CO2 m - 2 sec - 1 respectively, at optimum 
temperature. 
Separation of these groups becomes clearer when compared 
on the basis of light response. At a temperature of 35°C for 
example, all C4-NADP species group at an optimum NAR 
of between 13 and 16/lmol C02 m -2 sec-I, while C4-PCK 
and C4-NAD species have optima at 19 and 23 /lmol C02 
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Figure 3 Photosynthetic temperature response of seven eastern Capel 
Ciskei grasses at a light intensity of 850 Ilmol quanta m - 2 sec - I. NAR 
= net assimilation rate (ilmol CO2 m - 2 sec - I). Vertical bars indicate 
range between the means of two sets of duplicate measurements. (Ps) 
Panicum stapfianum (C4-NAD); (Cg) = Chloris gayana (C4-PCK); (Sf) 
= Setariaflabellata (C4-NADP); (Pe) = Panicum ecklonii (C4-NADP); 
(Hh) = Hyparrhenia hirta (C4-NADP); (Cc) = Coelorhachis capensis 
(C4-NADP); (As) = Alloteropsis semialata (C3). 
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Figure 4 Photosynthetic light response of seven eastern Cape/Ciskei 
grasses at a temperature of 35°C. NAR = net assimilation rate (Ilmol 
C02 m - 2 sec - I). PPFD = photosynthetic photon flux density (Ilmol 
quanta m - 2 sec - I). Symbols as for Figure 3. 
m - 2 sec - 1 respectively (Figure 4). This pattern remains 
discernible if the light responses at the optimum photosynthetic 
temperature for each species are compared (Figure 5). 
High NAR rates in C4 plants are thought to be related to 
features of the Kranz anatomy, whereby the active pool of 
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Figure 5 Photosynthetic light response of seven eastern Cape/Ciskei 
grasses at optimum photosynthetic temperature for each species. NAR 
= net assimilation rate (ilmol CO2 m - 2 sec - I). Symbols as for Figure 3. 
photosynthetic C02 is maintained at high concentrations in 
the bundle sheath cells, by 4-carbon acid transfer from the 
mesophyll (Edwards & Huber 1981). A suberin lamella is 
present in C4-NADP and C4-PCK species and is thought to 
limit CO2 efflux from the bundle sheath. However, this layer 
is missing in C4-NAD species, and the high NAR in species 
of this subgroup is not easily explained. Hattersley & Brown-
ing (1981) have suggested other anatomical and ultrastructural 
features of C4-NAD plants (e.g. close association of 
mitochondria with chloroplasts in the Kranz cells) that may 
reduce C02 leakage in these types. 
C3 and C4 plants can also be compared on the basis of 
quantum yield (moles of C02 fIxed per mole of quanta 
absorbed under light-limiting conditions). Although C4 plants 
require two extra ATP molecules for each molecule of CO2 
fIxed, photorespiration in C3 plants results in similar quantum 
yields in both groups at ca. 20O>C (Ehleringer & Bjorkmann 
1977; Ku & Edwards 1978). At higher temperatures however, 
C3 plants are at a disadvantage due to temperature inhibition 
of RuBP carboxylase activity. Ehleringer & Pearcy (1983) have 
also attempted to distinguish C4 subgroups on the basis of 
quantum yield at higher temperatures. 
It was not possible to calculate the quantum yields for 
plants of the present study as an integrating sphere was not 
available with which to measure leaf absorptance. However, 
it was possible to calculate a relative index of photosynthetic 
efficiency [essentially quantum yield, but not corrected for 
leaf absorptance (Ludlow 1981)] from the slope of the light 
response curve before inflexion (saturation). As found by 
Ehleringer & Pearcy (1983), photosynthetic effIciencies of 
eastern Cape/Ciskei grasses were consistently higher among 
C4 plants than in the C3 species. One exception to this 
occurred in the case of Panicum ecklonii. This species 
had a low PE value (0,066) which is more typical of C3 
species. All specimens of this species collected so far in 
the eastern Cape have Kranz anatomy and high rates of leaf 
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photosynthesis typical of C4 plants. Morphologically identical 
plants from elsewhere in southern Africa show C3 features 
however (Ellis 1977). Preliminary anatomical and ultra-
structural studies suggest that Panicum ecklonii is the first C4 
NADP-me Panicum from southern Africa (Botha, Russell & 
Phillipson 1988). 
The mean relative photosynthetic efficiencies (PE) of the 
C4 subgroups are given in Table 2 with the omission of the 
anomalous P. ecklonii, to allow comparison with the quantum 
yield data of Ehleringer & Pearcy (1983). The PE figures are 
higher than the quantum yield values of the latter authors 
due to differences in the methods of light measurement in 
each study. However, as found by Ehleringer & Pearcy, 
C4-NAD and C4-PCK grasses had PE values intermediate 
between those for C3 and C4-NADP species. Also in common 
with findings of the latter authors, PE values for C4-NADP 
species cover a broad range that overlaps with both C4-NAD 
and C4-PCK types, and these indices cannot therefore be 
regarded as reliable physiological descriptors for the C4 
subgroups at this stage. 
Table 2 Photosynthetic efficiency of seven eastern 
Cape/Ciskei grasses at 30°C compared with mean 
quantum yields of 25 North American grasses at the 
same temperature (quantum yield data from Ehleringer 
& Pearcy 1983) 
Photosynthetic 
pathway 
C] 
C4-PCK 
C4-NAD 
C4-NADP 
Photosynthetic 
efficiency (moles 
C02 mole· quanta - I) 
0,071 
0,083 
0,086 
(0,079 - )0,087( - 0,096)* 
*range for four species 
**range for eight species 
Conclusion 
Quantum yield (moles 
C02 mole-quanta - 1 
corrected for leaf 
absorptance) 
0,053 
0,064 
0,060 
(0,061 - )0,065( - 0,069)** 
The results of this study of seven grass species from the eastern 
Cape/Ciskei region support earlier fmdings that C4 plants have 
significantly higher photosynthetic temperature and light 
optima, and higher overall CO2 assimilation rates than C3 
plants. The results tend to confirm distinctions between the 
C4 biochemical subgroups on the same basis. Extrapolation 
of the slopes of the photosynthetic curves presented, suggests 
that a stronger distinction between the subgroups may emerge 
when studies of photosynthesis are extended to include the 
higher light intensities of the natural habitat. More data is 
required before distinctions of predictive value can be drawn 
between C4 subgroups on the basis of photosynthetic effi-
ciencies or quantum yields at optimum temperatures and 
limiting light levels. 
S.-Afr. Tydskr. Plantk ., 1988, 54(2) 
Acknowledgements 
The authors are indebted to Mr M. Mjwara (Honours student) 
and Mr M. Magwa of the University of Fort Hare, for 
assistance during the initial IRGA experiments, and to Mr 
Magwa for collecting additional specimens of the grass species 
from the field. Special thanks are due to Mr P.B. Phillipson, 
previously of the Fort Hare University herbarium, for con-
firmation of the identity of the experimental species. This 
research was conducted with the aid of a global grant to the 
first author from the South African Council for Scientific and 
Industrial Research. 
References 
BOTHA, C.E.J., RUSSELL, S.R. & PHILLIPSON, B.P. 1988. 
Panicum ecklonii Nees, a new record of a C4 photosynthetic 
variant. S. Afr. 1. Bot. 54: 89 - 93. 
BROWN, H.R. & MORGAN, J.R. 1980. Photosynthesis of grass 
species differing in carbon dioxide fixation pathways. IV. 
Differential effects of temperature and light intensity on photo 
respiration in C], C4 and intermediate species. PI. Physiol. 66: 
541-544. 
BURZYNSKI, W. & LECHOWSKI, Z. 1983. The effect of 
temperature and light intensity on the photosynthesis of 
Panicum species of C], C3 - C4 and C4 type. Acta Physiol. PI. 
5: 93-104. 
EDWARDS, G.E. & HUBER, S.C. 1981. The C4 pathway. In: 
The biochemistry of plants, eds. Hatch, M.D. & Boardmann, 
N.K. Vol. 8, pp. 237-281, Academic Press, New York. 
EHLERINGER, J. & BJORKMAN, O. 1977. Quantum yields for 
C02 uptake in C] and C4 plants: dependance on temperature, 
CO2 and O2 concentration. PI. Physiol. 59: 86 - 90. 
EHLERINGER, J. & PEARCY, R.W. 1983 . Variation in 
quantum yield for C02 uptake among C] and C4 plants . PI. 
Physiol. 73: 555 - 559. 
ELLIS, R.P. 1977. Distribution of the Kranz syndrome in the 
southern African Eragrostoideae and Panicoideae according 
to bundle sheath anatomy and cytology. Agroplantae 9: 
73 - 110. 
HATCH, M.D., KAGAWA, T. & CRAIG, S. 1975. Subdivision 
of C4 pathway species based on differing C4 acid 
decarboxylating systems and ultrastructural features. Aust. 1. 
PI. Physiol. 2: 118 - 128. 
HATTERSLEY, R.W. & BROWNING, A.J. 1981. Occurrence of 
the suberized lamella in leaves of grasses of different 
photosynthetic types. I . in parenchymatous bundle sheaths and 
PCR ('Kranz') sheaths. Protoplasma 109: 371 - 401. 
HATTERSLEY, R.W. & WATSON, L. 1976. C4 grasses: an 
anatomical criterion for distinguishing between NADP-malic 
enzyme species and PCK or NAD-malic enzyme species. Aust. 
1. Bot. 24: 297 - 308. 
KU, S.B. & EDWARDS, G.E. 1978. Oxygen inhibition of 
photosynthesis. III. Temperature dependence of quantum yield 
and its relation to 02/C02 solubility ratio. Planta 140: 1- 6. 
LUDLOW, M.M. 1981. Effect of temperature on light utilization 
efficiency of leaves in C] legumes and C4 grasses. Photosynth. 
Res. I: 243 - 249. 
MONSON, R.K., SACKSCHEWSKY, M.R. & WILLIAMS, G.J. 
1986. Field measurements of photosynthesis, water use 
efficiency and growth in Agropyron smithii (C]) and Bouteloua 
gracilis (C4) in the Colorado shortgrass steppe. Oecologia 68: 
400-409. 
